The retinoids are reported to reduce incidence of second primary aerodigestive cancers. Mechanisms for this chemoprevention are previously linked to all-trans retinoic acid (RA) signaling growth inhibition at G 1 in carcinogen-exposed immortalized human bronchial epithelial cells. This study investigated how RA suppresses human bronchial epithelial cell growth at the G 1 -S cell cycle transition. RA signaled growth suppression of human bronchial epithelial cells and a decline in cyclin D1 protein but not mRNA expression. Exogenous cyclin D1 protein also declined after RA treatment of transfected, immortalized human bronchial epithelial cells, suggesting that posttranslational mechanisms were active in this regulation of cyclin D1 expression. Findings were extended by showing treatment with ubiquitindependent proteasome inhibitors: calpain inhibitor I and lactacystin each prevented this decreased cyclin D1 protein expression, despite RA treatment. Treatment with the cysteine proteinase inhibitor, E-64, did not prevent this cyclin D1 decline. High molecular weight cyclin D1 protein species appeared after proteasome inhibitor treatments, suggesting that ubiquitinated species were present. To learn whether RA directly promoted degradation of cyclin D1 protein, studies using human bronchial epithelial cell protein extracts and in vitro-translated cyclin D1 were performed. In vitro-translated cyclin D1 degraded more rapidly when incubated with extracts from RA treated vs. untreated cells. Notably, this RA-signaled cyclin D1 proteolysis depended on the C-terminal PEST sequence, a region rich in proline (P), glutamate (E), serine (S), and threonine (T). Taken together, these data highlight RA-induced cyclin D1 proteolysis as a mechanism signaling growth inhibition at G 1 active in the prevention of human bronchial epithelial cell transformation.
The retinoids are natural and synthetic analogs of vitamin A. Retinoids are reported to treat oral leukoplakia (1) and to reduce second primary hepatocellular or aerodigestive tract cancers (2) (3) (4) . The mechanisms responsible for this reduction of second primary cancers are poorly understood. We previously reported that all-trans retinoic acid (RA) inhibits carcinogen-induced transformation of human bronchial epithelial cells and that this is linked to a delayed G 1 -S cell cycle transition (5) . It was hypothesized that RA protects cells from carcinogen-induced transformation by permitting repair of mutagenized genomic DNA before subsequent rounds of cell division. The current study examined how RA regulates expression of the G 1 cyclin, cyclin D1.
Cell cycle transition occurs through activation and inactivation of cyclin-dependent kinases (Cdks). Cdks become activated by complexing with specific cyclins expressed during the cell cycle (6, 7) . Cyclin-Cdk complexes are inhibited by the binding of specific cyclin inhibitors (8) . In eukaryotic cells, cyclin D expression increases in mid-G 1 , complexing to Cdk4 and Cdk6 and producing peak activation near the G 1 -S cell cycle transition (6, 7, 9, 10) . Cyclin E expression increases in late G 1 , complexing to and activating Cdk2 (10) (11) (12) (13) . Expression of cyclin A accumulates during S and G 2 phases, and expression of cyclin B is typically maximal during the G 2 -M cell cycle transition (6, 7) .
Cyclin proteolysis is essential for cell cycle progression, as recently reviewed (14, 15) . Cyclins E, A, and B are regulated by a ubiquitin-dependent degradation pathway (14) (15) (16) . Ubiquitin is a 76-amino acid polypeptide highly conserved in eukaryotic cells (17) . It is activated in an ATP-dependent manner by a thiol ester link to a ubiquitin-activating enzyme, E1 (18) . Activated ubiquitin is then bound to the conjugating enzyme, E2 (18, 19) . Ubiquitin is transferred to specific proteins by E2, often requiring an E3 ligase (20, 21) . Subsequent attachment of ubiquitin monomers to the substrates results in multi-ubiquitinated chains degraded by the 26S proteasome (15, 22) .
This study reports that RA directly signals a decline in cyclin D1 protein expression in human bronchial epithelial cells through induced proteolysis. The ubiquitin-dependent proteasome degradation pathway is implicated in this retinoid effect. RA-signaled cyclin D1 proteolysis is proposed as a mechanism linked to growth suppression during prevention of human bronchial epithelial cell transformation.
MATERIALS AND METHODS
Cell Lines, Culture Conditions, and Expression Vectors. The proteasome inhibitors calpain inhibitor I (CalbiochemNova Biochem) and lactacystin (23) were used. BEAS-2B cells were derived from normal human bronchial epithelial cells immortalized with an adenovirus 12-simian virus 40 hybrid virus (24) . BEAS-2B cells were cultured in serum free medium, as described (25) . To construct the Eboplpp-cyclin D1 expression vector, the BamHI-EcoRI 1.1-kb full length cDNA fragment of murine cyclin D1 was isolated from the pGEX-3X-cyclin D1 plasmid and cloned into the Eboplpp vector (26) at the HindIII restriction endonuclease site. The murine cyclin D1 cDNA was cloned into the EcoRV site of the Bluescript II plasmid (Stratagene). Transfections were performed using lipofectamine (GIBCO͞BRL) and selection in hygromycin (40 g͞ml), as described (5) .
Immunoblot Analysis. BEAS-2B cells were lysed in a modified radioimmunoprecipitation assay buffer (5) , and protein concentrations were measured using the Bradford assay. Total cellular protein was size-fractionated by SDS͞PAGE, then transferred to a nitrocellulose filter (Schleicher & Schuell) before incubation with the desired primary antibody and protein detection using the chemiluminescence assay (Amersham). The anti-human cyclin D1 (M20), anti-murine cyclin D1 (72-13G), and anti-human cyclin E (HE 12) antibodies were purchased from Santa Cruz Biotechnology.
Proliferation Assay. Cell proliferation was measured by a H 3 -thymidine incorporation assay. In brief, 10 5 BEAS-2B cells were plated in duplicate wells of a 6-well tissue culture plate and treated with RA (2 M or 4 M) or dimethyl sulfoxide (DMSO, 1:10,000 dilution) for 3, 6, and 24 h. At these time points, the cells were treated for 1 h with 4 Ci͞ml of H 3 -thymidine, washed with PBS, and lysed (10 mM sodium hydroxide͞1% SDS), and H 3 -thymidine incorporation was measured using a scintillation counter.
Northern Analysis. Ten micrograms of total cellular RNA were size-fractionated on a 1% agarose-formaldehyde gel before transfer to a Hybond-N membrane (Amersham). Membranes were incubated overnight at 66°C with 200 g͞ml digoxin-labeled anti-sense cyclin D1 riboprobe. Membranes were stringently washed, and mRNA expression was detected per manufacturer's recommendations. (Boehringer Mannheim).
Immunoprecipitation. BEAS-2B cells were lysed with modified radioimmunoprecipitation assay buffer (5), and a monoclonal anti-cyclin D1 antibody (HD11, Santa Cruz) was used for immunoprecipitation using established techniques (27) . Replicate immunoblots were incubated with a second polyclonal anti-cyclin D1 antibody (M20, Santa Cruz) or an anti-ubiquitin antibody.
In Vitro Translation of Cyclin D1. Full length cyclin D1 mRNA was transcribed from the described Bluescript plasmid containing cyclin D1 using the T7 promoter (27) . To remove the PEST sequence, this plasmid was linearized 76 bp proximal to the 3Ј end of the cyclin D1 cDNA. Cyclin D1 protein was in vitro translated using 1 g of transcribed mRNA added to 35 l of rabbit reticulocyte lysates (28) containing S 35 -methionine (Promega) at 25°C for 1.5 h.
In Vitro Degradation of Cyclin D1. BEAS-2B cellular extracts were isolated by scraping cells in ice-cold PBS containing 1 mM MgCl 2 before centrifugation. Cell pellets were lysed in two original volumes of hypotonic buffer (10 mM Tris, pH 8.3) for 10 minutes on ice and briefly sonicated (29) , and the supernatant was collected after centrifugation. The reaction buffer contained 10 mM Tris, 5 mM CaCl 2 , 5 mM MgCl 2 (pH 7.5), an ATP regeneration system (3 units͞ml creatine phosphokinase, 10 mM phosphocreatine, and 2 mM ATP) and 1 mM of the protein synthesis inhibitor emetine. Reactions were performed in 150-l aliquots containing 33% vol͞vol of cellular extract at a final protein concentration of 2.3 g͞l. Rabbit reticulocyte lysates containing radiolabeled cyclin D1 were added at 2% vol͞vol. The reaction mixtures were incubated at 37°C, and aliquots were removed at desired time points before terminating reactions in SDS running buffer. Samples were subjected to SDS͞PAGE, and the S 35 -methionine incorporation was quantified using a PhosphorImager (Molecular Dynamics).
RESULTS

RA Represses Cyclin D1 Protein and Human Bronchial
Epithelial Cell Growth. RA-mediated changes in G 1 -S cyclin expression and cellular proliferation were studied using the immortalized human bronchial epithelial cell line BEAS-2B ( Fig. 1 A and B) . Immunoblot findings revealed that a dosedependent decline in cyclin D1 expression follows RA treatment of BEAS-2B cells. Cyclin D1 protein levels were maximally suppressed 6-12 h after RA treatment. Cyclin E expression also decreased after RA treatment, typically 3-6 h after the observed decline in cyclin D1 (data not shown). After RA treatment, H 3 -thymidine incorporation decreased concomitantly with the observed decline in cyclin D1 expression. Cultured normal human bronchial epithelial cells were also examined for RA-mediated changes in cyclin D1 protein expression. These RA-treated normal human bronchial epithelial cells also decreased cyclin D1 protein expression relative to controls (Fig. 1C) . Normal human bronchial epithelial cells responded to RA treatment (4 M) compared with vehicle controls with a 45% decrease in thymidine incorporation signaled by 6 h (data not shown).
RA Decreases Exogenous Cyclin D1 Expression. Endogenous cyclin D1 expression is markedly repressed by RA treatment. Whether exogenously expressed cyclin D1 also responds to RA treatment was studied. A simian virus 40-driven murine cyclin D1 cDNA engineered in the Eboplpp episomal expression vector was overexpressed in BEAS-2B cells. These BEAS-2B transfectants remained sensitive to the growth suppressive effects of RA (data not shown). This is likely caused by RA treatment repressing exogenous cyclin D1 expression, as shown by Western analysis using a murinespecific anti-cyclin D1 antibody ( Fig. 2A) . Cyclin D1 mRNA expression was examined at 3, 6, and 24 h after treatment with RA or vehicle control (Fig. 2B and data not shown) . RA treatment of BEAS-2B cells, compared with vehicle controls, did not repress cyclin D1 mRNA expression. These data implicated posttranscriptional mechanisms in the RA-signaled repression of cyclin D1.
Posttranslational Modification of Cyclin D1. Eukaryotic cyclins E, A, and B are tightly regulated via induction of protein proteolysis by ubiquitin-dependent pathways (14) (15) (16) . Whether cyclin D1 is also regulated by the ubiquitin degradation pathway in BEAS-2B cells was studied. BEAS-2B cells treated with the 26S proteasome inhibitor calpain inhibitor I for 24 h exhibited accumulation of high molecular weight cyclin D1 immunoreactive species as shown in Fig. 2C . Some of these high molecular weight species were immunoreactive both with a second anti-cyclin D1 antibody and an anti-ubiquitin antibody (data not shown). These high molecular weight species were undetected when an antibody that does not identify cyclin D1 was used in this assay, and these species were undetected when a blocking cyclin D1 peptide was incubated with the anti-cyclin D1 antisera (data not shown).
Proteasome Involvement in RA-Mediated Decline of Cyclin D1. We next examined whether blocking the 26S proteasome antagonizes RA-mediated decline in cyclin D1 expression. BEAS-2B cells, treated with calpain inhibitor I (100 M) for 1.5 h before RA treatment (4 M) for 6 h, prevented the expected decline in cyclin D1 protein expression (Fig. 3A) . This finding was confirmed and extended using another proteasome inhibitor, lactacystin, which also prevented the expected decline in cyclin D1 expression by RA treatment (Fig.  3B) . Notably, the cysteine proteinase inhibitor, E-64, did not inhibit this decline of cyclin D1 after RA treatment as shown in Fig. 3B . These data are consistent with the view that RA treatment represses cyclin D1 expression by promoting proteolysis via ubiquitin-dependent pathways.
RA Promotes Degradation of Cyclin D1 Protein. To confirm that RA regulated cyclin D1 expression by activating cyclin D1 proteolysis, the degradation of cyclin D1 was studied in a cell-free system. Cellular protein extracts were obtained from exponentially growing BEAS-2B cells treated with RA (4 M) or DMSO vehicle control. Radiolabeled cyclin D1 degraded more rapidly in BEAS-2B cellular extracts obtained from RA-treated compared with controls cells (Fig. 4A) . Removal of the C-terminal PEST sequence of radiolabeled cyclin D1 prevented this degradation by cell extracts derived from RAtreated cells (Fig. 4B) . S 35 methionine pulse-chase experiments revealed degradation of cyclin D1 protein in vivo was augmented in BEAS-2B cells treated with RA (4 M) compared with DMSO controls (data not shown).
DISCUSSION
Retinoids are reported to prevent second primary aerodigestive tract and hepatocellular carcinomas and to treat the premalignant lesion oral leukoplakia (2-4). Mechanisms responsible for these beneficial clinical effects are not yet known. This study reports that RA decreases cyclin D1 protein expression paralleling a decline in proliferation of human bronchial epithelial cells. RA also signals a decline in cyclin E expression (5) after repressed cyclin D1 expression. Because cyclins E and D1 are viewed as rate-limiting in the G 1 -S cell cycle transition, the data presented here are consistent with RA-suppressing cell growth directly through repressed cyclin D1 and͞or cyclin E expression.
This study reveals that RA signals cyclin D1 proteolysis. Cyclin D1 mRNA is not regulated by RA treatment of immortalized human bronchial epithelial cells. Expression of exogenous cyclin D1 protein in BEAS-2B cells also was repressed by RA treatment, as shown in Fig. 2 . Findings were extended by demonstrating that RA enhances degradation of cyclin D1 in vitro and in vivo (Figs. 1 and 4) . These data are consistent with a posttranscriptional mechanism active in this degradation and point to a role for the ubiquitin pathway in this cyclin D1 proteolysis signaled by RA treatment. Notably, the proteasome inhibitors calpain inhibitor I and lactacystin each prevented cyclin D1 repression by RA treatment, as depicted in Fig. 3 . In a cell-free system, cyclin D1 degradation by RA depended on the C-terminal PEST sequence as shown in Fig. 4 . This C-terminal region of cyclin D1 contains the PEST sequence. Recent reports demonstrate that the phosphorylation of a single C-terminal threonine in the PEST sequence of cyclins D1 and E regulates ubiquitination (30, 31) . Thus, the C-terminal PEST region in these G 1 cyclins appears involved in ubiquitination and degradation. Cyclins A and B do not contain the PEST sequence (32) but require the aminoterminal destruction box for ubiquitin degradation. The link between the ubiquitin-proteasome pathway and RA-regulated cyclin expression reported here is reminiscent of the decline of PML͞retinoic acid receptor-␣ by RA treatment of acute promyleocytic leukemia cells through a ubiquitin-dependent pathway (33) .
Although cyclin E is repressed by RA treatment, it is not yet known whether RA enhances cyclin E proteolysis. Preliminary findings suggest that cyclin E also is repressed by RA through mechanisms similar to those active in cyclin D1 degradation. RA does not appear to affect cyclin E mRNA expression in BEAS-2B cells (data not shown). Overexpression of cyclin E in immortalized human bronchial epithelial cells does not antagonize retinoid growth inhibition (5). It will be interesting to determine whether RA signals a general induction of the ubiquitin pathway or specifically targets G 1 -S cyclins. Future work will clarify how RA promotes cyclin D1 degradation and whether RA affects either Thr-286 phosphorylation, ubiquitin conjugation, or enhanced proteasome degradation of cyclin D1.
The findings presented here are notable because this report directly links retinoid growth suppression at G 1 to a specific proteolysis mechanism. These data reveal that RA signals cyclin D1 proteolysis and strongly implicate involvement of the ubiquitin pathway in this regulation. Regulating cyclin expression has clinical relevancy because aberrant expression of cyclins D1 and E is frequent in human tumors (34) (35) (36) (37) . In this regard, retinoid targeting of cyclin D1 degradation represents a chemoprevention mechanism having therapeutic implications for aerodigestive tract tumors.
